Arterial stiffness is a known independent predictor of cardiovascular mortality. The Colins system is an easy device and has gained widespread use, but the cutoff value for high-risk central arterial stiffness is not well established. We investigated the correlation between arterial stiffness measured by the Colins system with conventional measurements from the SphygmoCor system. Arterial pulse wave velocity (PWV) and augmentation indices (AIs) were measured on a single visit using two different devices in 948 patients with hypertension or coronary artery disease. 
INTRODUCTION
Arterial stiffening results from changes in the central arteries that are accompanied by arterial dilatation, elastin degradation, increased collagen and vascular smooth muscle cell proliferation in the intima media of the arterial wall. 1, 2 Studies have shown that increased pulse wave velocity (PWV), an index of arterial stiffness, is an independent predictor of cardiovascular mortality in both the general population and in patients with hypertension. [3] [4] [5] Carotid-femoral PWV (cfPWV), which is the ratio of the distance between the carotid artery-femoral artery and the pulse wave transit time, is considered the conventional method for measuring PWV. Studies have shown that a PWV of more than 12 m s À1 is associated with increased risk of both all-cause mortality and cardiovascular mortality. 6, 7 Although the measurement of heart-femoral PWV (hfPWV) and brachial-ankle PWV (baPWV) using the Colins system (VP-2000 pulse wave unit) has gained widespread popularity and usage in the clinical setting in East Asia due to its ease of use, the measurement of baPWV has been criticized because it contains components of peripheral vascular stiffness.
In addition, the algorithm for automatically calculating the path length between the arteries may be a source of error. Another limitation of the Colins system is the lack of data regarding the upper limit, above which an associated increased cardiovascular risk is seen. Therefore, we sought to determine the correlation and agreement of arterial stiffness measured by the Colins system with conventional measurements using the SphygmoCor system. We also sought to determine the cutoff value for the Colins system in predicting high-risk central arterial stiffness.
MATERIALS AND METHODS

Study population
The study population consisted of 948 subjects with hypertension and/or coronary artery disease diagnosed and treated at Severance Cardiovascular Hospital, Seoul, Korea, as part of the Yonsei Cardiovascular Genome Center cohort. The average age was 61.5 ± 10.3 years (range, 22-86; 681 men). In the cohort, 697 subjects had a history of hypertension and 707 subjects had a history of coronary artery disease. The subjects consented to the arterial stiffness measurements. PWV and augmentation index (AI) were measured on a single visit using two different devices (SphygmoCor (AtCor Medical, Sydney, NSW, Australia) and Colins systems (VP-2000 pulse wave unit; Nippon Colin Ltd, Komaki City, Japan)). Hypertension was defined as either a documented systolic blood pressure (BP) greater than 140 mm Hg and/or a diastolic BP greater than 90 mm Hg after at least 5 min of rest in a sitting position on three different visits before BP medication or current use of antihypertensive medications. Coronary artery disease was diagnosed when significant coronary artery stenosis of more than 50% was demonstrated on coronary angiography. Patients with any of the following conditions were excluded from participation: congestive heart failure, valvular heart disease, peripheral vascular disease, debilitating malignant disease, severe respiratory disease, history of inflammatory disease and/or on anti-inflammatory medications, clinically significant atrioventricular conduction disturbance, history of atrial fibrillation or other serious arrhythmia, and malignant hypertension (4200/140 mm Hg). Peripheral vascular disease was defined as a previous diagnosis of peripheral vascular disease and/or an ankle-brachial index of less than 0.9.
This study received prior approval from the institutional ethics committee, and the procedures followed were in accordance with institutional guidelines. All patients gave informed consent before being enrolled.
BP and Colins PWV measurements
After 5 min of rest, brachial BP was measured three times at 2-min intervals in the dominant arm with an OMRON HEM 7080IT device (Omron Healthcare, Kyoto, Japan), which was previously validated by the British Hypertension Society. 8 The average of the last two measurements was used in the statistical analyses. BP was measured before the measurement of PWV. PWV was determined by measuring the hfPWV and baPWV with a VP-2000 pulse wave unit as described previously. 9 Briefly, after an overnight fast and 5-min rest, the PWV was measured in the supine position. Carotid and femoral artery pressure waveforms were recorded at the left carotid and the left femoral arteries using multi-element tonometry sensors. The electrocardiogram was monitored by electrodes on both wrists. Microphones placed at the left sternal edge in the third intercostal space were used to detect heart sounds. The hfPWV, a marker of central aortic stiffness, was calculated using the equation Lhf/(Thc þ Tcf), where Lhf is the distance from the heart to the femoral artery. Thc was defined as the time intervals between S2 and the notch of the carotid pulse wave, and Tcf was defined as the time interval between the carotid and femoral artery pulse waves. Thf, the time required for pulse waves to travel from the heart (aortic orifice) to the femoral artery, was defined as the sum of Thc and Tcf. The baPWV, a marker for both central and peripheral arterial stiffness, was calculated using the equation (D1-D2)/T, where D1 is the distance between the heart and ankle, D2 is the distance between the heart and brachium, and T is the transit time between the right brachial artery wave and right tibial artery wave. Carotid AI was measured from the carotid waveform obtained using a multi-element tonometer sensor as described previously. 10 
SphygmoCor PWV measurement
Central hemodynamics were evaluated in the sitting position after 10 min of rest using a commercially available radial artery tonometry device (SphygmoCor). Using a high-fidelity micromanometer (Millar Instruments, Houston, TX, USA), peripheral pressure waveforms were recorded from the radial artery at the wrist, as previously reported. 11, 12 The SphygmoCor system uses a generalized transfer function derived from the radial artery tonometry for obtaining the central pulse wave and central BP. Central systolic BP, diastolic BP, pulse pressure, augmentation pressure, forward wave amplitude and AI were acquired from the pulse waveform analysis. Pulse pressure was calculated as the difference between the systolic and the diastolic pressure. Augmentation pressure is the difference between the second and first systolic peak pressures, and AI is defined as the ratio of the augmentation pressure to the aortic pulse pressure. The cfPWV was measured as specified previously. 13 Briefly, electrocardiogram and carotid/femoral pulse waves were obtained simultaneously to calculate the transit time using the foot-to-foot method. The distance traveled by the pulse wave was calculated by subtracting the sternal notch-right carotid site from right femoral site-sternal notch distances. 13 
Statistical analysis
Continuous variables are summarized as the mean ± s.d. Categorical variables are summarized as a percentage of the total cohort. Continuous variables were compared using one-sample Student's t-tests. Pearson's correlation analysis was used for the relationships between measurements of PWV and AI. The relationship is considered to be a 'strong' association when the correlation coefficient (r) is between 0.6 and 0.8, whereas it is considered to be a 'moderate' association when r is between 0.4 and 0.6. Bland-Altman analysis was used to analyze the agreement of PWV and AI measurements using the two different systems (SphygmoCor and Colins). In the Bland-Altman analysis for PWV measurements, the difference was defined by Colins PWV-SphygmoCor PWV (m s À1 ). As for AI measurements, the difference was defined by SphygmoCor AI-Colins AI (%). Receiver-operating characteristic (ROC) analysis was performed to determine the accuracy of baPWV and hfPWV in predicting highrisk aortic PWV as determined using cfPWV. Youden's method was used to find an optimal cutoff point in the ROC curve to maximize the sensitivity and specificity. The accuracy of the carotid AI in predicting a central pulse pressure of more than 50 mm Hg was also determined. Comparison of the ROC curve in AI was completed using the Delong method, which is a method of comparing the performance of diagnostic tests using an ROC curve. 14 
RESULTS
Clinical characteristics and laboratory findings
Baseline clinical characteristics and laboratory findings are summarized in Table 1 . The mean value of cfPWV (9.00 ± 2.06 m s À1 ) was 
Relationships of PWV using SphygmoCor and Colins
Simple regression analysis revealed a high correlation between cfPWV and hfPWV, and between cfPWV and baPWV. The Bland-Altman analysis confirmed the acceptable agreement of PWV measurements for the SphygmoCor and Colins systems (Figure 1 ). To determine and validate the cutoff value for the Colins system in predicting high-risk central arterial stiffness (defined by cfPWVX12 m s À1 ), we randomly divided the study subjects ( and 76.0% (baPWV), and specificity of 74.9 (hfPWV) and 82.6% (baPWV; Table 2 ).
Relationships of AI using the SphygmoCor and Colins systems AI measured by the SphygmoCor and Colins systems also showed moderate positive correlation and good agreement ( Figure 3 ). Interestingly, the Colins AI system showed better prediction for high-risk central pulse pressure (defined as pulse pressureX50 mm Hg) than the SphygmoCor AI system (AUC: Colins, 0.765; SphygmoCor, 0.692; P ¼ 0.011; Figure 4 ). The cutoff value was 30.5% for the SphygmoCor AI system and 24.5% for the Colins AI system. The cutoff value showed good discrimination in the validation set (N ¼ 284), with sensitivity of 76.9 (Colins AI) and 62.3% (SphygmoCor AI), and specificity of 63.0 (Colins AI) and 68.3% (SphygmoCor AI; Table 3 ).
DISCUSSION
Despite the widespread clinical use of the Colins system for PWV measurement, there have been no data regarding the upper limit above which an association with increased cardiovascular risk is evident. We sought to determine the cutoff values of hfPWV and baPWV that most accurately predict high-risk cfPWV as measured by the SphygmoCor system. Although Tanaka et al. 15 demonstrated baPWV to have good correlation with measures of central aortic stiffness, their study was limited by the fact that the index of central arterial stiffness was determined by the Colins system rather than another validated system. In this study, there was a good correlation of both hfPWV and baPWV with conventional SphygmoCor measurements of cfPWV. The results showed that baPWV had a good predictive value for highrisk central arterial stiffness, with an AUC of 0.830. The baPWV value of 16.17 m s À1 demonstrated a sensitivity of 72.6% and a specificity of 80.0% in the training data set. The low sensitivity of baPWV in the training set demonstrates that it may be inferior to hfPWV in predicting high-risk PWV, most likely because baPWV contains components of both central and peripheral vascular stiffness. However, as many centers use the VP-1000, which measures baPWV and not hfPWV, the AUC and accuracy of baPWV seem acceptable for assessing central arterial stiffness.
The measurement of baPWV is widespread in East Asia because of the ease of its measurement, and because, unlike femoral pulse wave acquisition, it does not require exposure of the inguinal area, which is a source of discomfort for many Asians. 15 However, baPWV has been criticized because the pulse wave does not travel directly from the brachial artery to the ankle, and also because the measurement contains components of both peripheral and central arterial stiffness. 9, 15 The results from this data demonstrated a strong positive correlation of baPWV with cfPWV, comparable to the correlation between hfPWV, a measurement of central arterial stiffness in the Colins system, and cfPWV. The data also provide the value that could define the subset of patients at high risk for cardiovascular disease.
Recent studies have reported central BP to be an independent predictive factor for cardiovascular outcomes beyond that conferred by brachial BP. 16, 17 The arterial pulse wave is generated by the sum of the forward pressure wave, timing of the reflected wave and the magnitude of the reflected wave along the arterial tree. 18 Arterial wave reflection occurs in the peripheral arteries due to changes in the arterial properties or in the architecture of the arterial tree. 18 Reflected waves can be measured as the augmentation pressure or AI, which has emerged as a surrogate marker for cardiovascular disease. 11, 19 Noninvasive measurement of AI can be performed by direct pulse wave measurement of the common carotid artery or synthesized wave form of the radial artery using the generalized transfer function. We demonstrated that the SphygmoCor AI system, which uses the generalized transfer function, showed high correlation and good agreement with the Colins AI system, which directly measures the carotid artery pulse wave. However, the carotid AI measured by the Colins system showed better prediction for high-risk central pulse pressure than the SphygmoCor AI. The better predictive value of AI derived from the carotid tonometer may be due to the fact that measurements of AI from the carotid artery have been shown to have a good correlation with invasive measurement of AI from the aorta, whereas the accuracy of using the generalized transfer function for measuring AI has been questioned. In a study by Chen et al., 20 the correlation between AI derived from applanation tonometry of the carotid artery and direct invasive measurement was 0.78, whereas the correlation between AI derived from the transfer function of the radial artery waveform and the invasive measurement ranged from 0.20 to 0.65. [20] [21] [22] [23] This study has several potential limitations. First, our study population consisted of patients with hypertension and coronary artery disease. A strong positive correlation and good agreement between the measurements obtained by the SphygmoCor and Colins systems cannot be directly applied to a normal population or other patients with cardiovascular disease. However, hypertension and coronary artery disease are the most widespread and important disease subsets in cardiology. Similar correlation and agreement were shown by a post-hoc analysis for diabetes (N ¼ 256, 27.0%) and dyslipidemia (N ¼ 408, 43.0%; data not shown). The second limitation is the lack of invasive hemodynamic measurements of central arterial stiffness. Although it is well documented that cfPWV highly correlates with invasive measurements, the gold standard of arterial stiffness is invasive hemodynamic measurement. However, invasive measurements were not clinically indicated for the study subjects. In addition, the coronary artery disease patients were diagnosed by invasive procedure before enrollment into this study. Therefore, we could not obtain invasive hemodynamic measurements. Third, the study included patients with treated hypertension and coronary artery disease, which may confound the measurement of arterial stiffness. However, overall BP control was acceptable in this cohort, which should minimize the confounding effect of medications on the results of this study. Fourth, the cutoff values of the measurements from the Colins system were determined indirectly by comparing it to the cfPWV measurement from the SphygmoCor system rather than determining the values through a longitudinal outcome study. Although this is a limitation, we believe the results from this study have clinical merit in putting forth the previously unknown cutoff values of the Colins system that could suggest vascular organ damage.
In conclusion, arterial stiffness measured by the Colins system showed high correlation and good agreement with the SphygmoCor system. The cutoff value for high-risk central arterial stiffness in the Colins system was 11.18 m s À1 for hfPWV and 16.17 m s À1 for baPWV. These values need to be further validated in a prospective study.
